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Abstract: The paper describes the working principle and structure of a newly designed high -precision ( micro-
gal) gravimeter, which is basically a vertically suspending spring-weight system, using a highly sensitive ca-
pacitance sensor of movement in a controlled temperature environment in a borehole and a multi-frequency out-
put for both earth-tide and earthquake monitoring. The preliminary test indicated that, while in a stabilization 
process , it had met all the technical requirements for a relative gravimeter used for earth tide and earthquake 
monitoring. 
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1 Introduction 
In the project of Research on Downhole Multidirection-
al Earth Tide Observation Technology supported by Na-
tional Nature Science Foundation of China, a new ob-
servational system has been in development, which in-
tegrates gravity and tilt observations of earth tide in a 
borehole for the pnrpose of obtaining reliable , precise 
and continuous data for earthquake monitoring and 
studying material movement in deep earth. 
In this paper, we introduce a high-precision bore-
hole gravimeter, which is part of the integrated ap-
proach. This instrument is designed to be able to meas-
nre subtle changes of the earth' s gravity field for long-
term observation. 
A prototype of it was installed recently in a deep 
borehole at Wuhan Jinfeng seismostation, as described 
below. 
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2 Fundamental idea of design 
In the beginning of 1980s, a DZW -type micro-gal gra-
vimeter was successfully developed in China. In a de-
sign breakthrough, it used a simple vertically-suspen-
ding elastic system, which had better linearity and sta-
bility than astatization systems used then by most of 
other kinds of gravimeters. By imposing astrict and 
standardized requirement in material-selection , pro-
cessing, production and heat treatment of the working 
spring, as well as the use of high-precision micro-dis-
placement-measurement circuit system and high-preci-
sion temperahrre-control system, the accuracy achieved 
was better than micro-gal level in long-term continuous 
gravity observation of earth tide. 
The new high-precision borehole gravimeter de-
scribed here consists of an elastic system like the DZW 
gravimeter, a high-precision micro-displacement meas-
urement-circuit system, and a temperahrre-control sys-
tem. It is a kind of DZW micro-gal gravimeter snitable 
for gravity observation at ground surface or in grotto. 
When installed in a borehole , certain factors must be 
considered , including diameter of the hole ( less than 
150 mm, but the size of the instrument is relatively 
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large) , accuracy of its tilt ( < ± 3 o) , signal transmis-
sion from the bottom of a deep hole , temperature , 
pressure and underground water. 
3 Main specifications 
The main parameters of the gravimeter are as follows : 
resolution :::s;;O. 1 x 10 -ams - 2 ; 
accuracy 10 x 10 - 8 ms - 2 ; 
linearity=s;;2%; 
repeatability :::s;; 1% ; 
zero drift=s;;lOOO X 10-8ms - 2/month; 
adjustable range~ 7 , OOOmgals (all over the world) ; 
accuracy of constant temperature < 0. 0001 't /day , 
<0. 0004't/month; 
horizontal adjustment range > ± 3 o ; 
precision of horizontal adjustment :::s;; 20". 
4 Working principle and main struc-
turec1-4 J 
4.1 Working principle 
The working principle is almost the same as that of the 
DZW micro-gal gravimeter. It is basically a simple 
spring scale (Fig. 1) , consisting of a cylindrical helix-
tension spring fixed at the support on top and linked to 
a composite mass block at the bottom, each with a soft 
silk thread. The mass block M consists of a capaci-
tance sensor consisting of three round plates , a clamp , 
and a ball breaker, all hanging on the spring. Under 
the effect of gravity g0 , the coil spring stretches alength 
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Figure 1 A schematic diagram of the borehole gravimeter 
of x0 in balance , and the middle plate of the capacitor 
is in the so-called zero position. 
The static equation of spring balance can be ex-
pressed as follows : 
(1) 
where K is stiffness coefficient of the spring , which is a 
constant determined by its material , size , geometry, 
workmanship and processing specification [ •l . 
The periodical earth-tide causes the extension and 
shortening of the spring, and the corresponding movement 
of the middle plate of the capacitance sensor .1x is detec-
ted by a sensitive capacitance-measurement system. 
4. 2 Three-plate mold difference capacitance sensor 
As shown in figure 1 , in the three-plate difference ca-
pacitance sensor, the two larger plates are fixed to the 
instrument while the smaller and thinner middle plate 
is movable with very small gaps to the fixed plates. 
This configuration has the advantage of high sensitivi-
ty, small non-linear error, and small edge effect. 
The capacitance of the sensor can be expressed as 
follows: 
C= eS/~ (2) 
where C is the capacitance between the movable and 
fixed plates , S is the area of the movable plate , 6 is 
the distance between the movable and fixed plates , e is 
the inter-plate dielectric constant. 
Since the plate areas are sufficiently large and the 
distances between the plates sufficiently small, and al-
so the plates are strictly kept parallel, when a signal 
voltage is applied to the fiXed plates, the inter-plate e-
lectric field can be regarded as uniform. When the 
fiXed plates receive a signal U2 from a fixed-amplitude 
oscillator, an induced signal U3 appears on the mova-
ble plate. Their relation can be expressed as follows: 
(3) 
where ,M is a small distance change between the mov-
able and the fixed plates. 
Figure 2 shows the principle of the high-precision 
differential-capacitance micro-measuring system. It 
consists of the capacitance sensor, a preamplifier, a 
main amplifier, a phase shift and shaping amplifier, a 
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Figure 2 Block diagram showing the principle of 
the split-ring electric-capacitance micrometer 
synchronous detector amplifier, an analogue recorder, 
an AID convertor, and a data acquisition unit. 
The criterion for judging precursor-monitoring instru-
ments, such as gravity and deformation, is usually 
based on the observation of earth tide. To better record 
earth tide for a long period of time, the designer usual-
ly choose a large filter constant for such instruments 
( 100 s or so). But in doing so, some high-frequency 
siguals related to earthquake are filtered out as well. In 
order to overcome this problem, we adopted the use of 
broad-band multi-channel output, which is capable of 
recording both low- and high-frequency data in order to 
meet both requirements of earth -tide observation and 
earthquake-precursor monitoring[3l. 
4. 3 Constant-temperature structure and tempera-
ture control 
The high-precision borehole gravimeter is used for con-
tinuous and long-term gravity observation of earth tide 
at a fixed location down in a borehole. To achieve the 
required precision , the pressure and temperature of 
this location should be kept very constant , with a year-
ly temperature variance less than 0. 01 't;. 
Due to the limitation of borehole diameter ( less than 
165 mm inside the casing) , the elastic system of the 
gravimeter is placed in a 150 mm-long constant-tem-
perature single-layer sealed staiuless-steel barrel inside 
a dewar bottle maintained at constant temperature at 
the neck of the bottle. 
In the high-precision constant-temperature control 
circuit, the heat-sensitive resistor selected must have a 
high stability and a large temperature coefficient. The 
temperature sensor is a negative-feedback bridge circuit 
consisting of a heat- sensitive resistor and an accurate 
reference resistance. It switches a heater on when tem-
perature T1 drifts below the design range , and off oth-
erwise , in order to guarantee the elastic system of gra-
vimeter working in a highly temperature-stable condi-
tion[Z]. 
5 Problems that must be solved [s -sJ 
5. 1 Automatic adjustment for the spring length 
Although the elastic system is put in a constant-temper-
ature and strictly-sealed condition, some factors, such 
as stress release , metal fatigue, and creep deformation 
of the working spring, will inevitably result in zero 
drift. When the accumulated drift causes circuit sen-
sor ' s output to exceed its working range, we must have 
a way of automatically adjusting the system so that it 
returns to the proper zero position. 
As shown in fignre 1 , the top of the working spring 
is linked with a gear reducer, which is driven by a di-
rect-current motor that can move the top of the spring 
up and down , and thus place the system in its normal 
working range. To reduce the number of pendulum ad-
justments, we adopt an offset-type automatic adjust-
ment circuit and designed a tri-level dual-threshold 
comparator to form a " dead region" , which is the 
working region of the circuit sensor, near the zero posi-
tion. The threshold value and width of the dead region 
are adjustable. To avoid overshoot in the automatic ad-
justment, both the width of the dead region and the de-
viation from zero position were designed reasonably. 
Also, the reduction ratio of the reducer must be suffi-
ciently large[2 ·'1• 
5. 2 Automatic leveling 
Because of the limited precision in avoiding the tilt of 
the borehole ( .;;; ± 3 o ) and the difficulty to reach a 
normal working situation for the elastic system when the 
gravimeter is fixed to the hole , an automatic leveling 
mechanism to keep the working spring vertical and the 
plates in the capacitance sensor parallel is necessary 
after the gravimeter is installed in the borehole. 
To do so, a circular double-axle electronic-bubble 
unit with an accuracy of 20" is fixed on the support 
base of the gravimeter. Two leveling screws of the base 
are linked to a direct-current motor through a worm 
gear and a hob , for automatic leveling the base and 
keeping the electronic bubble in the proper position. 
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6 Test results 
This instrument was installed in a shallow borehole at a 
crustal-deformation observation station of Earthquake 
Administration of Hubei Provincial ( located on Hua-
zhong Agricultural University campus). Judging from 
test results , the installation , operation , remote control 
and data acquisition of the instrument all fulfilled the 
design requirement. As shown in a typical record of 30 
days ( Fig. 3 ) , the gravitational earth tide can be 
clearly seen and the zero drift is not significant. 
By using both high- and low-frequency output chan-
nels , the ability for recording distant earthquakes, 
weak earthquakes and forerunner events is greatly im-
proved. Figure 4 shows both sets of curves recorded 
during December 18 -25 ,2010 for comparison. It may 
be seen that much earthquake information was recorded 
at the high-frequency channel, while only the two lar-
ger earthquakes ( Xiaoliyuan Island of Tapan Ms7. 4 
earthquake at 01 : 19 on December 22 and Vanuatu 
Ms7. 6 earthquake at 21 :16 on December 25) were re-
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Figure 3 A typical gravity record ( original) during 
November 1 -30, 2010 
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Figure 4 High- and low- frequency gravity data recorded 
during December 18 -25, 2010 
7 Data processing and conclusion 
We processed and analyzed the data recorded during 
November 2010; the results showed that the quality of 
data got better and better as the instrument was gradu-
ally stabilized. In Nakai test, 94. 1% of the errors 
were less than 2 steps. The error in harmonic analysis 
of M2 wave was 0. 0012. The intrinsic quality indexes, 
including stability and accuracy, all reached the aver-
age level of earth-tide gravimeters at domestic stations. 
The general trend of zero drift was positive, and was in 
a process of gradual stabilization. The working condi-
tion of the instrument was good. The instrument met 
the technical requirement for fixed relative gravimeter 
of professional earthquake observation equipment[ 9J. 
The design meets the needs of borehole gravity observa-
tion and research of earth tide and for earthquake mo-
nitoring. 
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